Abstract Although past studies have included Passiflora among angiosperm lineages with highly rearranged plastid genomes (plastomes), knowledge about plastome organization in the genus is limited. So far only one draft and one complete plastome have been published. Expanded sampling of Passiflora plastomes is needed to understand the extent of the genomic rearrangement in the genus, which is also unusual in having biparental plastid inheritance and plastome-genome incompatibility. We sequenced 15 Passiflora plastomes using either Illumina paired-end or shotgun cloning and Sanger sequencing approaches. Assembled plastomes were annotated using Dual Organellar GenoMe Annotator (DOGMA) and tRNAscan-SE. The Populus trichocarpa plastome was used as a reference to estimate genomic rearrangements in Passiflora by performing whole genome alignment in progressiveMauve. The phylogenetic distribution of rearrangements was plotted on the maximum likelihood tree generated from 64 plastid encoded protein genes. Inverted repeat (IR) expansion/contraction and loss of the two largest hypothetical open reading frames, ycf1 and ycf2, account for most plastome size variation, which ranges from 139 262 base pairs (bp) in P. biflora to 161 494 bp in P. pittieri. Passiflora plastomes have experienced numerous inversions, gene and intron losses along with multiple independent IR expansions and contractions resulting in a distinct organization in each of the three subgenera examined. Each Passiflora subgenus has a unique plastome structure in terms of gene content, order and size. The phylogenetic distribution of rearrangements shows that Passiflora has experienced widespread genomic changes, suggesting that such events may not be reliable phylogenetic markers.
size, gene content and order and organization (Jansen & Ruhlman, 2012) . The quadripartite structure comprises two single copy regions, the large and small single copy (LSC and SSC, respectively) , separated by a large inverted repeat (IR). Most plastomes retain 30 tRNAs, four rRNAs and about 80 protein-coding genes packed into a unit-genome of average size $153 kilobases (kb) . The majority of protein coding sequences are involved in photosynthesis and maintenance of the plastome genetic system (Bock, 2007; . With the reduced cost of next generation sequencing more complete plastomes have become available and the notion of highly conserved plastome architecture in seed plants is evolving.
Several distinct lineages within photosynthetic seed plants display substantial variation in plastome size and have highly rearranged gene order. Size variation is mostly associated with IR expansion and contraction except in a few gymnosperms where it is associated with reduced intergenic regions (McCoy et al., 2008; Wu et al., 2009) . Smaller fluctuations in IR boundaries of 1-2 kb due to IR expansion and contraction are very common in seed plants (Downie & Jansen, 2015) . Larger variation in plastome size due to IR expansion and contraction has been documented in several unrelated lineages, including Geraniaceae (Chumley et al., 2006; Blazier et al., 2011; Weng et al., 2014 Weng et al., , 2017 , Plantago (Zhu et al., 2016) , Ericaceae (Fajardo et al., 2013; Mart ınez-Alberola et al., 2013) , Berberis (Ma et al., 2013) , Annona (Blazier et al., 2016b) and Trochodendraceae . Among these lineages, Geraniaceae has the broadest range of IR sizes including species with enormous IR expansion to $88 kb in Pelargonium transvaalense , significant reduction to $7 kb in Monsonia speciosa and species lacking an IR entirely in Erodium and Monsonia (Blazier et al., 2016a; Ruhlman et al., 2017) . Inverted repeat loss has been documented in other angiosperm lineages such as Fabaceae (Palmer & Thompson, 1981; Downie & Palmer, 1992) and Cactaceae (Sanderson et al., 2015) .
The difference in the overall plastome size in seed plants can also be influenced to some extent by gene and intron losses, especially either due to loss of multiple genes and/or loss of two largest hypothetical open reading frames ycf1 and ycf2. For instance, loss of all 11 ndh genes encoding the NADH dehydrogenase-like complex in a wide range of seed plant lineages has contributed to overall plastome size variation in these species.
Highly rearranged photosynthetic seed plant plastomes have experienced gene and intron loss, gene duplication, gene order change and IR loss/expansion/contraction. Although overall gene and intron content is highly conserved, multiple independent losses of several plastid genes and introns and transfers of plastid genes to nucleus in unrelated lineages have been documented (Downie & Palmer, 1992; Jansen et al., 2007; Magee et al., 2010) . The most common gene loss involves infA with numerous transfers to the nucleus across angiosperms (Millen et al., 2001; Jansen et al., 2007) . Three additional plastid genes, rpl22 , rpl32 (Ueda et al., 2007; Park et al., 2015) and accD (Magee et al., 2010) have been transferred to the nucleus in multiple lineages. Therefore, gene and intron losses have sufficiently high levels of homoplasy limiting their phylogenetic utility. Gene order changes due to inversions occur less frequently and generally exhibit lower levels of homoplasy and therefore have been considered to be more reliable phylogenetic markers (Downie & Palmer, 1992; Raubeson & Jansen, 2005) . Early examples of their utility include resolution of the basal split in the Asteraceae (Jansen & Palmer, 1987) and vascular plants (Raubeson & Jansen, 1992) , and the large inversion in papilionoid legumes (Doyle et al., 1996) . Cosner et al. (2004) showed that even with the large number of genomic rearrangements in the Campanulaceae, these events could still be reliable markers for reconstructing phylogeny.
Earlier studies in seed plants included Passiflora as one of several lineages that have highly rearranged plastomes. Unusual features in Passiflora included the loss of rpl16 (Downie & Palmer, 1992) , loss or reduction of ycf2 (Downie et al., 1994) and the loss of the rpoC1 intron in some lineages (Downie et al., 1996; Hansen et al., 2006) . The first evidence that Passiflora had gene order changes was an unpublished draft plastome of P. biflora (subg. Decaloba) that suggested 10 inversions . The recently published plastome of P. edulis (subg. Passiflora) indicated multiple gene and intron losses and three inversions (Cauz-Santos et al., 2017) . The remarkable differences in genomic changes in Passiflora plastomes based on the limited sampling suggests there may be much more variation in the genus. To more fully understand the extent of variation in plastome organization in Passiflora, more genomic data from an expanded sample across different subgenera is needed. In this study, we completed Passiflora plastome sequences for 14 species from three subgenera including one species with two accessions from different locations. We found that Passiflora plastomes have experienced multiple independent and shared inversions, gene and intron losses and IR expansion and contraction resulting in a distinct plastome organization in each subgenus.
Material and Methods

Taxon sampling
Sampling included 14 species from three subgenera of Passiflora from field-collected populations grown in Lawrence Gilbert's greenhouses at The University of Texas at Austin. The list of Passiflora subgenera, species, with their accession numbers, voucher information and original collection location is provided in Table S1 . Sampling included 11 species from subgenus Passiflora, two species from subgenus Decaloba (including two accessions of P. auriculata from different locations) and one species from subgenus Astrophea.
DNA extraction
Newly emerged leaves were collected, flash frozen in liquid nitrogen and stored at À80°C until DNA was isolated. Total genomic DNA was extracted using the method of Doyle & Doyle (1987) with modifications, including the addition of 2% PVP and 2% betamercaptoethanol (Sigma, St. Louis, MO, USA) to the extraction buffer. Organic phase separation using chloroform-isoamyl alcohol was repeated until the aqueous fraction was clear. DNA pellets were resuspended in $200 mL DNase-free water. After treatment with RNase A (ThermoScientific, Lafayette, CO) samples were re-subjected to phase separation with chloroform-isoamyl alcohol. DNA was recovered by ethanol precipitation, resuspended in DNasefree water and stored at À20°C.
2.3 Genome sequencing, assembly and annotation Passiflora biflora and P. quadrangularis plastomes were completed by isolating plastid DNA, shearing DNA, shotgun cloning into plasmids and Sanger sequencing as described in Raubeson et al. (2007) . For the remaining samples, library preparation from total genomic DNA and DNA sequencing were carried out at the UT-Austin Genome Sequencing and Analysis Facility on Illumina HiSeq 2500/4000 platforms (Illumina, San Diego, CA). De novo assembly was performed with Illumina paired-end reads using Velvet v. 1.2.07 (Zerbino & Birney, 2008) at the Texas Advanced Computing Center (TACC) using the same approach succesfully utilized across a wide diversity of angiosperms (Sabir et al., 2014; Weng et al., 2014 Weng et al., , 2017 Schwarz et al., 2015; Rabah et al., 2017) . This method involves performing multiple assemblies using different k-mer sizes with coverage cutoffs of 200X, 500X and 1000X to exclude nuclear and mitochondrial contigs. Initial assembly included five different k-mer sizes ranging from 85 to 93 inclusively, with an increment of 2. Assembled contigs with 1000X coverage for the five kmer parameters were imported into Geneious v. 6.1.8 (Kearse et al., 2012) and joined using Geneious de novo assembly with default settings. To identify putative plastid contigs, the plastome of Populus trichocarpa, which is in same order as Passifloraceae, Malpighiales, was used as a reference in Geneious. For three species (P. nitida, P. pittieri, and P. retipetala) in which the initial k-mer size range was not sufficient to complete the plastome assembly, k-mer sizes up to 119 and coverage over 500X were utilized to complete the assembly in Geneious. Any potential conflicts and misassembles in the genome assemblies, such as single nucleotide polymorphism and imprecise number of nucleotides in repeats, were verified by mapping all Illumina paired-end reads against the contigs using Bowtie2 (Langmead & Salzberg, 2012) . A summary of the Illumina HiSeq 2500/4000 sequencing output and plastome assembly is provided in Table S2 .
Completed genomes were annotated using Dual Organellar GenoMe Annotator (DOGMA; Wyman et al., 2004) and tRNAs were annotated with tRNAscan-SE, accessed June 20, 2016 (Lowe & Eddy, 1997 ; http://lowelab.ucsc.edu/tRNAscan-SE/). Criteria used to assign protein-coding genes as putatively functional were: (i) presence of an open-reading frame (ORF) with a complete conserved domain as displayed in conserved domain database (CDD, www.ncbi.nlm.nih.gov/Structure/cdd/ wrpsb.cgi), and (ii) absence of internal stop codons or if any were present then the sequence should be conserved within the ORF and retain the conserved domain.
Phylogenetic analysis
Phylogenetic analysis was performed using 64 protein coding genes shared by all Passiflora plastomes (Table S3) . Gene sequences were extracted and aligned individually using MAFFT (Katoh & Standley, 2013) and then concatenated into a single aligned data set in Geneious v. 6.1.8 (Kearse et al., 2012) . MAFFT alignments were examined manually to verify the reading frames.
IQ-TREE v. 1.5.2 (Nguyen et al., 2015) was used to determine the best fitting partition schemes (Table S4) and evolutionary model selection. Phylogenetic trees were reconstructed by perfoming 16 independent maximum likelihood (ML) estimations and non-parametric bootstrap support was estimated from 100 pseudoreplicates using IQ-TREE. A majority-rule consensus tree (extended) was generated and bootstrap analyses were summarized using SumTrees (Sukumaran & Holder, 2010) . The phylogenetic tree with bootstrap support values was visualized using FigTree v. 1.4.3 (http://tree.bio.ed. ac.uk/software/figtree/). All commands used in IQ-TREE to determine the partitioning schemes and to generate ML trees are summarized in Table S5 .
Genome rearrangement analysis
The plastome sequence of Populus trichocarpa was downloaded from the NCBI organelle genome database (http:// www.ncbi.nlm.nih.gov/genome/organelle/, NC_009143). Whole genome alignments for 15 representatives of Passiflora and the reference Populus trichocarpa were performed using progressiveMauve v. 2.3.1 (Darling et al., 2004) in Geneious v. 6.1.8. Inverted repeat A (IR A ) was removed from all plastomes prior to the alignment. Locally collinear blocks (LCBs) generated by the Mauve alignment were numbered to estimate genomic rearrangements. Based on the strand orientation of the LCBs compared to the reference Populus, each LCB was numbered (Table S6) . Two types of rearrangement distance, breakpoint (BP) and reversal, were calculated using the online server CREx (Common Interval Rearrangement Explorer, Bernt et al., 2007) . MultiPipMaker (Schwartz et al., 2000) was employed to visualize variable regions among the Passiflora plastomes.
Phylogenetic distribution of the rearrangements
The presence or absence of each of the 21 rearrangement events (Table S7) were plotted on the ML tree generated using 64 protein coding genes. Abbreviated sequences (pseudogenes with internal stop codons) and missing genes (no residual sequence was detected even at a low similarity search of 25% in DOGMA and Geneious) were treated as gene losses when plotting them on phylogenetic trees since in both cases the genes are not predicted to yield functional proteins.
Repeat analysis
Plastome repeats were identified by blast using whole plastome against itself with parameters 'blastn Àevalue 1e-10-word_size 11-max_target_seqs 1-outfmt num_threads 12' and by using PipMaker (Schwartz et al., 2000) . Tandem repeats within the accD gene were identified using online server Tandem Repeats Finder 4.09 (Benson, 1999) .
Results
Plastome organization
Fifteen plastomes for 14 Passiflora species were completed from three subgenera: eleven species from subg. Passiflora, two from subg. Decaloba and one from subg. Astrophea. The plastome assemblies from Illumina reads were considered accurate because of the high average depth of coverage (549-3088X, Table S2 ) and because mapping reads to the draft genomes confirmed the assemblies and IR boundaries. Substantial variation in overall plastome size among species was detected (Table 1 ; Fig. S1 ). Passiflora pittieri had the largest plastome at 161 494 bp and P. biflora had the smallest at 139 263 bp. The three plastome regions, the large single copy (LSC), small single copy (SSC) and inverted repeat (IR), ranged from approximately 54 to 86 kb, 12 to 13 kb, and 21 to 47 kb, respectively (Table 1 ; Fig. S1 ).
All plastomes had same number of tRNAs (30) and rRNAs (4), however the number of protein-coding genes varied from 71 to 75 (Table 1) . Intergenic spacer regions (IGS) in subgenus Passiflora represented an average of 32.3% of the plastome, whereas percentages in subgenera Decaloba and Astrophea were lower at 30.9% and 30.4%, respectively (Table 1) . Gene density (total number of genes/genome length) was slightly higher in subg. Decaloba at 0.90-0.93, compared to 0.82-0.87 in subg. Passiflora and 0.78 in subg. Astrophea (Table 1) . Average GC content in the IGS and protein-coding genes for all species of Passiflora was similar, ranging from 30.3 to 31.2% and 37.3 to 38.9%, respectively.
Plastome rearrangements
Whole genome alignment using progressiveMauve identified 13 LCBs shared by all Passiflora species and the outgroup Populus (Figs. 1, S2). The four distinct gene orders present in Passiflora were different from Populus. Since all species in subg. Passiflora had the same gene order, P. actinia was selected to represent this subgenus. Likewise, gene order of the two accessions of P. auriculata was identical, so the French Guiana accession was used to represent this species in the Mauve alignment (Fig. 1) .
The largest estimated BP and reversal distances were 11 and 7 between P. biflora and Populus, respectively, and the smallest were 2 and 1 between P. biflora and P. auriculata (Table 2 ). The estimated BP and reversal distances were 9 and 5, respectively, for Populus and all of the other Passiflora species (Table 2) .
Phylogenetic analysis
The total alignment length of the nucleotide dataset was 50 001 bp, and the optimal phylogenetic tree ( Fig. 2) had a likelihood score of ln (L) ¼ À113 795.59. A majority-rule consensus tree (extended) was generated from 16 independent tree searches and used as a target topology to plot non-parametric bootstrap support values, which were all 100% except for four nodes, three of which were >90% (Fig. 2) . The ML tree showed that subg. Astrophea is sister to subg. Decaloba and together they are sister to subg. Passiflora. Both subgenera Decaloba and Passiflora were monophyletic. Branch lengths were much longer in subgenus Decaloba compared to subgenera Astrophea and Passiflora (Fig. 2) .
Phylogenetic distribution of plastomic changes
The presence or absence of the 21 genome rearrangements events (Table S7 ) including gene and intron losses, inversions and IR expansion and contraction was plotted on the 64 plastid gene tree (Fig. 3) .
Based on the criteria used to define presence and absence of a gene (see methods), rpl22 was missing in all Passiflora plastomes. Subgenus Decaloba lacks rpl20 and rpl32 was absent from subgenera Decaloba and Astrophea. Residual rpl20 sequences in subg. Passiflora with nucleotide sequence identity of 30-71% compared to Populus contained multiple stop codons (4 to 10). In contrast, in P. pittieri (subg. Astrophea), rpl20 sequence with 77.2% identity to Populus had a single stop codon. Conserved domain database searches identified a smaller, fragmented rpl20 conserved domain for all species of subg. Passiflora, whereas a conserved domain similar to Populus was found in P. pittieri.
The plastome of Populus trichocarpa lacks the rpl32 gene, therefore Arabidopsis thaliana was used as a reference to compare variation in rpl32 in Passiflora. In P. pittieri and P. biflora, rpl32 was truncated relative to A. thaliana with lengths of 123 bp and 129 bp; nucleotide sequence identities with A. thaliana were 74.8% and 87.2%, respectively. No rpl32 sequence was detected in P. auriculata. Intact rpl32 with the complete conserved domain was detected only in subg. Passiflora. The sequence identity for rpl32 among 11 species of subg. Passiflora was 99% and 84.3% between subg. Passiflora and A. thaliana, respectively. All species within subg. Decaloba lack the small ribosomal subunit gene rps7. Similarly, in the subgenera Passiflora and Decaloba, the two largest plastome genes, ycf1 and ycf2, were fragmented and substantially reduced compared to Populus. The size ranges of ycf1 and ycf2 in subg. Passiflora are 526 bp to 4661 bp and 674 bp and 3611 bp, respectively, whereas in subg. Decaloba, these genes are 994 bp to 1135 bp and 661 bp to 1548 bp, respectively. In Populus, the lengths of ycf1 and ycf2 are 5469 bp and 6858 bp, respectively.
In all Passiflora species, accD was much longer and highly divergent compared Populus; nucleotide sequence identity was <50% compared to all species of subg. Passiflora, 30% to both P. auriculata accessions, 37.4% to P. biflora and 42.9% to P. pittieri. Repeat analysis identified 1-10 tandem repeats varying from 12 to 126 bp within accD in Passiflora and as a consequence the gene expanded from 2217 bp in P. pittieri to 3252 bp in P. auriculata (Suriname) compared to 1497 bp in Populus (Table S8 ). All five conserved motifs found in the C-terminus of seed plant plastid accD were found in all Passiflora species with 93% amino acid sequence identity to the putative catalytic site, motif II (PLIIVCASG-GARMQE). No tandem repeats were identified within accD in Populus.
All species of Passiflora lack the atpF intron. Additionally, subg. Decaloba lacks the rpoC1 intron and subgenera Decaloba and Passiflora lack both clpP introns.
Whole-genome alignment identified plastome inversions shared by some or all Passiflora species and others that were unique to each subgenus (Figs. 1, 3, S2 ). All Passiflora species shared two inversions, one $1.5 kb including psbA through trnH-GUG (LCB 1) and the other $10 kb including rps18 through accD (LCB 9). Subgenera Passiflora and Astrophea had a $3 kb inversion that includes genes from clpP through rps12-5'exon (LCB 10). Subgenus Astrophea had a unique inversion of $3.6 kb that included genes from trnV-UAC through atpB (LCB 7). Both subgenera Passiflora and Decaloba had an inversion of $1.7 kb that only included rbcL (LCB 8). Within subg. Decaloba, only P. biflora shared an $18.6 kb inversion spanning from trnS-GGA through trnC-GCA (LCB 4) with subg. Passiflora. In addition, P. biflora had a unique inversion of $19.6 kb from rpoB through trnS-GCU (LCB 3). All species in subg. Passiflora shared a unique $5.3 kb inversion from rps4 through ndhC (LCB 5, Fig. 3 ).
To assess whether the genomic inversions were mediated by repeats, we searched for repeats in the regions flanking the LCBs. Repeats of 15 bp were detected flanking the inverted LCB 4 and LCB 10 in all species within subg. Passiflora (Table S9) , whereas species in subgenera Decaloba and Astrophea did not have any repeats flanking the inversions.
The outgroup plastome of Populus trichocarpa has a nearly identical organization to the ancestral plastome organization for angiosperms . The only difference is that in Populus the IR boundary at the junction of LSC and IR B (J LB ) expanded to include rps19 and 51 bp of 5' rpl22 (Fig. 4) . Compared to Populus, the IR of P. pittieri expanded $5.4 kb at J SA to include ycf1, rps15 and 409 bp of 5' region of ndhH and contracted at J LB $2.2 kb to exclude rps19, rpl2, and most of rpl23 (Fig. 4) . Both species in subg. Decaloba had an expanded IR; P. biflora expanded $7 kb at J LB to include rps3, rpl16, rpl14, rps8, rpl36, rps11, rpoA and 3' exon of petD, whereas in P. auriculata IR expansion was much larger at 27 kb and included petD, petB, psbH, psbN, psbT, psbB, clpP, rps12, atpB, atpE, trnM-CAU, trnV-UAC, rbcL, accD, psaI, ycf4, cemA and petA (Fig. 4) . Subgenus Passiflora also has an IR expanded into the SSC however it is much shorter relative to P. pittieri and includes 15 to 81 bp of the 5'end of rps15. The J LA is 147 to 229 bp downstream of rps19, which is similar to the IR boundary at 219 bp downstream of rps19 in Populus, with no substantial change in IR boundary at J LB and J LA . Even though all IR boundaries among 11 species from subg. Passiflora were in a similar location, IR size varies from 21 799 to 26 255 bp due to size variation of the pseudogenes ycf1 and ycf2 (Table 1 ; Fig. 5: G, I ).
The median plastome size of 14 Passiflora species was $151 kb with a range from $139 to $161 kb ( Fig. 6 ; Table 1 ). The difference of $22 kb in overall plastome size is primarily due to IR expansion and contraction and degradation of two largest plastid genes, ycf1 and ycf2. Passiflora pittieri (subg. Astrophea) had the largest plastome at 161 494 bp with an $5.4 kb IR expansion incorporating ycf1 (Fig. 4) , complete ycf1 and ycf2 and fewest number of gene and intron losses among Passiflora species (Fig. 3) . In contrast, P. biflora (subg. Decoloba) had the largest number of gene and intron losses (Fig. 3) . Even though the IR of P. biflora expanded by $7 kb, the pseudogenes ycf1 and ycf2 were reduced to 661 bp and 994 bp, respectively, compared to putatively functional copies of ycf1 at 5910 bp and ycf2 at 6894 bp in P. pittieri. As a consequence P. biflora had the smallest plastome at 139 263 bp. Passiflora auriculata, the other species from subg. Decolaba, had similar size reductions in ycf1 and ycf2 along with the similar gene and intron losses as P. biflora (Fig. 3) , however the IR expanded $27 kb at J LB (Fig. 4) . As a result the total plastome size of P. auriculata is $161 kb with the largest IR at 47 131 bp and smallest LSC at 54 593 bp ( Fig. 6; Table 1 ). In subg. Passiflora, the length of pseudogenes ycf1 and ycf2 ranged from 526 to 4661 bp and 674 to 3611 bp respectively, which caused IR size variation in the subgenus. In contrast, the size of the LSC and SSC are fairly consistent in all the species of subgenus Passiflora ( Fig. 6; Table 1 ). A MultiPipMaker similarity plot generated using the whole genome alignment showed that variation in number of genes and introns and size variation of pseudogenes ycf1 and ycf2 also played a role in plastome size variation (Fig. 5) . Here, we present 15 complete Passiflora plastome sequences from three subgenera. We found a distinct organization for each subgenus and extensive genomic rearrangements, several of which showed homoplasy when plotted on a plastome phylogenetic tree. Plastome size variation, extensive IR expansion and contraction, inversions and novel gene and intron losses will be discussed in the context of their distribution and phylogenetic utility in Passiflora.
Plastome size variation
The largest and smallest plastomes of P. pittieri (subg. Astrophea) and P. biflora (subg. Decoloba) differ by $22 kb due to IR expansion and/or contraction ( Fig. 6 ; Table 1 ) and reduction of the plastid genes ycf1 and ycf2 (Fig. 5: G, I ).
Relative to the IR size in the ancestral angiosperm plastome , Passiflora has experienced IR expansion and/or contraction in every subgenus. Passiflora pittieri had IR contraction at the LSC boundary and expansion at the SSC boundary. Subgenus Passiflora experienced a more limited IR expansion into the SSC and subg. Decaloba had an enormous IR expansion into the LSC region (Fig. 4) . Expansion of the P. pittieri IR into the SSC resulted in duplication of genes that are usually single copy. Even though IR expansion into the SSC region is much less common than expansion into the LSC, it has been documented in several angiosperm lineages including Annonaceae (Blazier et al., 2016b) , Poaceae (Guisinger et al., 2010) , Geraniaceae (Chumley et al., 2006; Weng et al., 2014) , Polygonaceae (Logacheva et al., 2008) , Campanulaceae (Cosner et al., 1997) , Ericaceae (Fajardo et al., 2013; Mart ınex-Alberola et al., 2013) , Sapindaceae (Rabah et al., 2017) and some monocots .
Both species in subg. Decaloba have substantial IR expansion (Fig. 4) . Inverted repeat expansion in P. biflora caused duplication of seven genes and the 3' exon of petD. The expansion is substantially larger in P. auriculata leading to the duplication of 18 genes. As a result the number of protein coding genes in the IR (32) is nearly equal to the number in the LSC (34). Increased overall plastome size resulting from IR Fig. 1 . Whole genome alignment of four Passiflora (P.) plastomes relative to Populus trichocarpa. In the progressiveMauve alignment, P. actinia represents the identical gene order for all species in subg. Passiflora and P. auriculata (FG; subg. Astrophea) for both P. auriculata accessions. Each Locally Collinear Block (LCB) is color-coded and represents a syntenic region. Blocks below the horizontal center line represent inversions relative to the reference (Populus trichocarpa). The height of the colored region within a block reflects the average sequence identity relative to the reference. Numbers on the upper x-axis are genome map coordinates in kilobases (kb) in black and LCB numbers in blue (1-13). Species names are color coded to indicate their subgeneric placement; Astrophea (green), Decaloba (orange) and Passiflora (blue).
Table 2 Pairwise comparison of breakpoint and reversal distances estimated using CREx
Populus trichocarpa Passiflora pittieri Passiflora actinia Passiflora auriculata Passiflora biflora Populus trichocarpa -Passiflora pittieri 9/5 -Passiflora actinia 9/5 3/2 -Passiflora auriculata 9/6 5/3 5/3 -Passiflora biflora 11/7 7/4 7/4 2/1 - expansion has been reported in other distantly related families, such as Geraniaceae (Chumley et al., 2006; Weng et al., 2014) , Ericaceae (Fajardo et al., 2013 ; Mart ınex-Alberola et al., 2013), Berberidaceae (Ma et al., 2013) , Annonaceae (Blazier et al., 2016b) , Plantaginaceae (Zhu et al., 2016) and Trochodendraceae . Large scale IR expansion as seen in P. auriculata (subg. Decaloba) with an IR of $47 kb has been documented in only a few other seed plants, including Pelargonium transvaalense, which has the largest IR reported in seed plants so far at $88 kb .
Phylogenetic incongruence
Our phylogeny based on 64 plastid encoded protein genes (Figs. 2, 3 ) strongly supports subg. Astrophea as sister to subg Decaloba, and together they are sister to subg. Passiflora. This topology is incongruent with the most recent Passiflora phylogenies based on nuclear, mitochondrial and plastid markers (Muschner et al., 2012; Krosnick et al., 2013) in which subg. Passiflora together with Decaloba is sister to subg. Astrophea. One possible reason for the incongruence could be the limited taxon sampling in our data set. Both Muschner et al. (2012) and Krosnick et al. (2013) had much larger taxon sampling (more than 100 species) and molecular markers from all three genomes. Larger taxon sampling often increases accuracy in phylogenetic reconstruction and the use of fewer taxa with many characters can lead to systematic error in phylogenetic analysis (Pollock et al., 2002; Heath et al., 2008) . Another possible explanation for the incongruence between a plastid phylogeny versus one that includes multiple, independent markers is plastid capture (reviewed by Greiner & Bock, 2013) . A previous phylogenetic study of Passiflora based on a single plastid marker provided evidence for this phenomenon (Hansen et al., 2006) . In that study two accessions of P. microstipula were placed in two different subgenera, Passiflora and Decaloba. The phylogenetic tree generated in our study using 64-plastid genes should be interpreted cautiously because it may not accurately reflect the species tree.
Gene and intron losses and their phylogenetic distribution
Populus trichocarpa has the same gene content as the ancestral angiosperm plastome except for the losses of rpl32 (Ueda et al., 2007) and rps16 (Ueda et al., 2008) . Similar to Populus, all Passiflora plastomes are missing rps16. Dual targeting of nuclear encoded rps16 to the mitochondrion and plastid has been demonstrated in Medicago truncatula and Populus alba (Ueda et al., 2008) and this may also be the case in Passiflora. Likewise, loss of rpl32 from the plastome has been documented in the three Salicaceae genera Idesia, Populus and Salix. Ueda et al. (2007) experimentally verified that Populus plastid rpl32 had been transferred to nucleus and targeted back to the plastid via a transit peptide derived from a Cu-Zn superoxide dismutase gene (Cusack & Wolfe, 2007) . In subg. Passiflora, rpl32 has high nucleotide sequence similarity with A. thaliana and a complete conserved domain is present whereas in the other included Passiflora subgenera the entire gene is either lost or the residual sequence does not retain a conserved domain. This suggests that plastid rpl32 is still functional in subg. Passiflora but not in the other two subgenera. An unpublished sequence in NCBI (HQ599799.1) has rpl32 fused with a partial sequence of Cu-Zn superoxide dismutase gene in P. citrina (subg. Decaloba) indicating that rpl32 may have been transferred to the nucleus in some Passiflora species. Alternatively, rpl32 transfer to the nucleus may have occurred in the ancestor of Passiflora but it has not yet been lost from the plastome in all species. Along with rps16 and rpl32, six additional protein coding genes and the introns from three genes are missing from some or all Passiflora species. All Passiflora plastomes examined lack an intact rpl22 gene. A truncated rpl22 pseudogene in Passiflora has been reported previously in P. biflora, P. quadrangularis, P. cirrhiflora and P. edulis (Cauz-Santos et al., 2017) . The discovery of independent transfers of rpl22 to the nucleus in two other rosid families, Fabaceae and Fagaceae, prompted (Fig. 2) . The branch and node label colors represent different subgenera of Passiflora: Astrophea (green), Decaloba (brown), and Passiflora (blue). The histogram shows the comparison of overall size of the 15 Passiflora plastomes and the three different regions compared to the reference plastome of Populus trichocarpa. kb, kilobases.
the suggestion of a nuclear transfer in Passiflora .
Both species in subg. Decaloba lack any detectable sequence encoding rpl20, and all species in subg. Passiflora have multiple stop codons in the gene resulting in a fragmented conserved domain. Similar to rpl20, rps7 is virtually absent in subg. Decaloba, while rps7 in all 11 species of subg. Passiflora has a single stop codon at amino acid position 62. Even though rps7 and rpl20 each contain an internal stop codon, both genes may still be functional. The conserved domains present prior to the stop codons may be sufficient for the functionality of the genes or, alternatively, the internal stop codon could be edited. RNA editing (C to U) in rpl20 has been documented in other angiosperms at a different position (Hirose et al., 1999) and has been predicted in two positions of rps7 gene, in the 5' UTR and within the coding region at amino acid position 100 in the monocot Spirodela (Wang et al., 2015) . However, there is no evidence to support G to U editing in any organisms making this explanation very unlikely. A more plausible explanation is that plastid rps7 in subg. Passiflora and rpl20 in P. pittieri are nonfunctional due to internal stop codons and have been replaced by a functional nuclear encoded gene.
In plastomes with the ancestral angiosperm organization, ycf1 spans the J SA boundary, as a result the 5' end of ycf1 is in the IR while the majority of the gene is in the SSC leaving a short ycf1 ORF in IR B . In contrast, ycf1 is greatly reduced in length and completely included in the IR of Passiflora (Fig. 4) . Complete copies of ycf1 and ycf2 are present only in P. pittieri (subg. Astrophea). In subgenera Decaloba and Passiflora fragments of these genes were found indicating that they are pseudogenes. Loss of ycf1 has been documented in some Fabaceae (Cai et al., 2008) , Geraniaceae and the loss of both ycf1 and ycf2 occurs in Poaceae (Hiratsuka et al., 1989; Maier et al., 1995; Guisinger et al., 2010) and in all Geraniaceae excluding Hypseocharis (Weng et al., 2014) .
The accD gene was suggested to be missing from the plastome of P. biflora . Similarly CauzSantos et al. (2017) documented tandem repeat elements within the accD of P. edulis and suggested it was not functional. We found similar tandem repeats within accD (Table S8 ) splitting the conserved domain into two or more fragments. The presence of tandem repeats within accD in all Passiflora species suggests that the repeats likely originated in the ancestor of the genus. Although accD is interrupted by tandem repeats, we predict that the gene is still functional in Passiflora because all five conserved motifs along with the putative catalytic site in seed plant accD, i.e., motif II (PLIIVCASGGARMQE) (Lee et al., 2004) , are present. Large insertions in plastid accD that do not change the reading frame or disrupt the conserved domain have also been detected in conifers (Hirao et al., 2008; Yi et al., 2013) , a legume (Gurdon & Maliga, 2014) and in Geraniaceae (Park et al., 2017) .
Phylogenetic distribution of inversions
Passiflora deviates strongly from the ancestral angiosperm plastome organization and represents the most extensively rearranged plastome in Malpighiales. There are currently 81 complete plastomes from this order on Genbank (accessed December 12, 2017) and 75 of these are from the families Chrysobalanaceae (50 taxa, Bardon et al., 2016) and Salicaceae (25 taxa). Plastomes from these two families are collinear with the ancestral angiosperm organization and Salicaceae has experienced a few gene losses (Ueda et al., 2007 (Ueda et al., , 2008 . A recent report of the plastome sequence of the Malpighiales genus Linum usitatissimum (Linaceae, de Santana Lopes et al., 2017) identified two pseudogenes, the loss of rps16 and a single inversion. A single inversion in the LSC was also detected in the Hevea brasiliensis (Euphorbiaceae) plastome (Tangphatsornruang et al., 2011) .
We identified a total of eight inversions relative to Populus, distributed among three subgenera within Passiflora including synapomorphic, autapomorphic and homoplastic changes (Fig. 3) . The total number of inversions in our study (8) differs from Jansen et al. (2007) for P. biflora (10) and Cauz-Santos et al. (2017) for P. edulis (3). The difference may be the result of the much larger number of species included in this study. Furthermore, the estimate of Jansen et al. (2007) was based on a draft genome. Our analyses include more taxa and subgenera as well as both Passiflora species from the earlier studies. Thus, the total number of inversions in this study is likely more accurate (Fig. 3) . Among the eight inversions, two (psbA À trnH-GUG, rps18-accD) are a synapomorphy for the genus Passiflora suggesting they occurred in the ancestor and one is a synapomorphy for subgenus Passiflora (rps4-ndhC). Two inversions are autapomorphies for P. pittieri (trnV-UAC À atpB) and P. biflora (trnS-GGA À trnC-GCA). The remaining three inversions are homoplastic, one is shared by the subgenera Astrophaea and Passiflora (clpP À rps12 5' exon), the second is present in subgenera Decaloba and Passiflora (rbcL) and the third occurs in P. biflora and subgenus Passiflora (trnS-GGA-trnC-GCA). Two of these homoplastic inversions involve LCBs 4 and 10 but the LCBs neighboring them are different in subg. Passiflora compared to P. biflora and P. pittieri (Figs. 1, S2 ), indicating that separate events may have caused the inversions in each subgenus. Repeat analysis identified 15 bp repeats in the flanking regions of LCB 4 and LCB 10 only in subgenus Passiflora (Table S9) , further supporting independence and suggesting that the inversion may have been repeat mediated.
All Passiflora inversions were identified within the LSC except for P. auriculata where the inversion of rbcL (LCB 8) is located in IR and the inversion including rps18 through accD (LCB 9) is situated across the IR/LSC boundary (Fig. 1) . Inversions that involve both LSC and IR regions are rare and have been documented in only a few lineages, including ferns (Stein et al., 1992; Wolf et al., 2011) and the angiosperm Fagopyrum (Aii et al., 1997) . It is possible that the inversion of rbcL in P. auriculata occurred before the large IR B expansion that resulted in the incorporation of multiple genes that are typically found in the angiosperm LSC.
In seed plants, large plastome inversions have been suggested as powerful phylogenetic markers (Raubeson & Jansen, 2005) and homoplasy in these events is rare. Nonetheless, a few examples of parallel inversions have been proposed, in Clematis and Anemone (Hoot & Palmer, 1994) and in papilionoid legumes (Schwarz et al., 2015) . Passiflora provides additional examples of parallel inversions in seed plant plastome evolution. Inversion isomers are long known to be present in seed plant plastomes (Kolodner & Tewari, 1979; Palmer, 1983 ) at the population level and growing evidence suggests dynamic inversion in individual plants (Guo et al., 2014; Gurdon & Maliga, 2014; Ruhlman et al., 2017) . In addition to typical IR mediated inversion, different plastome conformations within a species can also occur by intra-and intermolecular recombination between large repeats in repeat rich plastomes .
Structural rearrangements such as large inversions in plastomes were previously suggested to be powerful molecular markers to resolve recalcitrant phylogenetic problems because they exhibit little if any homoplasy (Rokas & Holland, 2000; Raubeson & Jansen, 2005; Boore, 2006) . The results of this study emphasize the importance of being cautious in using these rare genomic changes for phylogenetic reconstruction. Homoplasy of some inversions in Passiflora adds to the growing number of examples (Hoot & Palmer, 1994; Schwarz et al., 2015) that these events can occur independently in different lineages and may be unreliable phylogenetic characters.
Supplementary Material
The following supplementary material is available online for this article at http://onlinelibrary.wiley.com/doi/10.1111/ jse.12425/suppinfo: Fig. S1 . Linear representation of 4 Passiflora plastomes, differing in gene order, generated using OGDRAW (Lohse et al., 2013) . Fig. S2 . Whole genome alignment of 15 Passiflora plastomes compared with reference Populus trichocarpa. Table S1 . Passiflora species with greenhouse accession numbers and their original collection location. Table S2 . Summary of the output from Illumina sequencing and genome assembly. Table S3 . List of 64 plastid encoded protein-coding genes used for the phylogenetic analysis. Table S4 . Partition schemes with best-fit models generated by using IQ-TREE partition schemes. Table S5 . Commands used in IQ-TREE for phylogenetic analysis and SumTrees for summarizing bootstrap support. Table S6 . Genes in locally collinear blocks (LCB) identified using ProgressiveMauve alignment for Passiflora plastomes. Table S7 . Twenty-one plastome rearrangement events for Passiflora (P.) species and Populus trichocarpa. Table S8 . Size and coordinates of tandem repeats within Passiflora accD. Table S9 . Repeats in flanking region of locally collinear blocks 4 and 10 in subgenus Passiflora with their coordinates.
